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EM TASK 13 -CONE PENETROMETER FOR SUBSURFACE HEAVY METALS DETECTION EXECUTIVE SUMMARY
Laser-induced breakdown spectroscopy (LIBS) has been used to successfully measure metals content in a variety of matrices including soil. Under the U.S. Department of Energy Federal Energy Technology Center (DOE FETC) Industry Program, Science& Engineering Associates (SEA) is developing a subsurface cone penetrometer (CPT) probe for heavy metals detection that employs LIBS. The LIBS-CPT unit is to be applied to in situ, real-time sampling and analysis of heavy metals in soil. As part of its contract with DOE FETC, SEA is to do a field demonstration of its LIBS-CPT system at a DOE facility. SEA has requested technical assistance from the Energy & Environmental Research Center (EERC) under the DOE FETC-EERC Environmental Management Cooperative Agreement.
The overall objectives of this project are to evaluate potential calibration techniques for the LIBS-CPT instrument, provide a preliminary evaluation of the LJBS instrument calibration using samples obtained from the field, and provide technical support to field demonstration of the LIBS-CPT instrument at a DOE facility.
Work during this reporting period completed calibration of the LIBS instrument and preliminary development of multivariate models for subsurface matrix effects on LIBS calibrations. In addition, EERC personnel assisted SEA in a field demonstration of the Ll13S-CPT instrument at Sandia National Laboratory. Confirmation of the LIBS calibration will be completed and documented during the next reporting period.
EERC personnel worked with SEA and Sandia personnel over the week of July 13,1998, on a field demonstration of the LIB S-CPT system at the Area 111 Chemical Waste Landfill at Sandia National Laboratory. The application of the LIB S-CPT unit was to perform a subsurface survey for chromium contamination in the soil. Several personnel involved in environmental restoration (ER) activities at DOE facilities witnessed the field demonstration. Overall, the field demonstration was a success. The LIBS-CPT instrument was able to detect and estimate quantities of chromium in the subsurface at the Sandia landfill site.
Laboratory work on LIBS calibration and testing included work on a portable LIBS instrument in addition to that carried out on the LIBS-CPT equipment. SEA has loaned equipment to the EERC consisting of an Nd-YAG laser, spectrograph, diode array detector, and optical components. Prior work done by SEA has integrated the components on loan to the EERC into a portable system with a prototype LIBS probe for use in surface measurements in the field. SEA has labeled the portable LIBS system the SparkID. Work done at the EERC on the SparklD system has resulted in an improved design for the LIBS probe.
Laboratory calibration work focused on chromium and lead in soil. Calibrations for both the LIBS-CPT (cone penetrometer delivered) and the LIBS-SparkID (portable unit for ex situ iv application) instruments were developed. Improved LIBS calibration techniques were developed in this work for field applications.
Continuation of work in this project will involve completion of calibration validation and development of improved calibration methods for application of LIBS in field screening applications.
INTRODUCTION
Surface and subsurface contamination of soils by heavy metals, including Pb, Cr, Cu, Zn, and Cd has become an Mea of concern for many industrial and government organizations (l). Conventional sampling and analysis techniques for soil provide a high degree of sensitivity and selectivity for individual analytes. However, obtaining a representative sampling and analysis from a particular site using conventional techniques is time consuming and costly (2). Additionally, conventional methods are difficult to implement in the field for in situ and/or realtime applications. Therefore, there is a need for characterization and monitoring techniques for heavy metals in soils that allow cost-effective, rapid, in situ measurements.
Laser-induced breakdown spectroscopy (LIBS) has been used to successfully measure metals content in a variety of matrices (3-15) including soil (16, 17) . Under the U.S. Department of Energy Federal Energy Technology Center (DOE FETC) Industry Program, Science & Engineering Associates (SEA) is developing a subsurface cone penetrometer (CPT) probe for heavy metals detection that employs LIBS (18). The LI13S-CPT unit is to be applied to in situ, real-time sampling and analysis of heavy metals in soil. As part of its contract with DOE FETC, SEA is to do a field demonstration of its LIBS-CPT system at a DOE facility.
OBJECTIVES
The overall objectives of this project are to evaluate potential calibration techniques for the LI13S-CPT instrument, to provide a preliminary evaluation of the LIBS instrument calibration using samples obtained from the field and to provide technical support to field demonstration of the LIBS-CPT instrument at a DOE facilit y.
Laboratory Calibration of the LIBS Instrument
The objectives of this activity are to 1) investigate methods of preparing soil mixtures in the laboratory which approximate soil samples that are encountered during in situ analysis and 2) test new calibration procedures for the LIBS instrument. Information on available fieldtest sites for the LIBS instrument will be surveyed to gather information on soil physical and chemical properties. A field site will be selected and soil mixtures will be prepared in the laboratory to represent field conditions. The Energy& Environmental Research Center (EERC) will prepare a suite of soil samples that provides statistical representation of the range of sample matrix effects parameterizing on the following variables: grain size, moisture, pH, humic matter, and heavy metals. The heavy metals in the matrix will give statistical representation of the metals present at the field test site, Cr, As, Cd, Cu, Pb, Mg, Mn and Zn. This set of samples along with a complete set of data will be submitted to SEA for use in calibrating the LIBS-CPT probe. EERC personnel will then obtain a representative sampling of soil from the test site. The set of samples collected in the field will be characterized in the EERC laboratories for the variables listed above. Particular attention will be paid to the determination of metals content, since this is the most important aspect of the calibration and validation. The metals in soil will be determined by inductively coupled plasma spectroscopy (ICP), graphite furnace atomic absorption spectroscopy (GFAAS), and/or wavelength-dispersive x-ray fluorescence (WDXRF) in the EERC laboratories. A random sampling of the data collected at the EERC will be validated using an external laboratory. A random selection from the original calibration set and the samples obtained from the field will be provided to SEA without any data. SEA will analyze the samples using the calibrated LIB S-CPT probe and submit the data to the EERC. EERC personnel will compute calibration statistics and report the precision and accuracy of the calibration to SEA. If necessary, calibration techniques will be adjusted until an acceptable level of precision and accuracy is achieved.
Preliminary Development of Multivariate Models
Activities under this task are to investigate methods of correcting LI13S instrument responses for sample matrix effects with the goal of obtaining calibration techniques which can be used under a variety of soil chemical and physical property conditions. Multi variate statistical analysis techniques such as principal component analysis (PCA) will be applied to the data collected during the laboratory calibration and validation to obtain information on the matrix effects which most influence the quantitation of heavy metals in the soil. Different calibration techniques will be evaluated in order to develop a data analysis technique which provides a robust means of analyzing the data obtained from the LIE N-(YT probe to extract quantitative or serniquantitative data on heavy metals, which is insensitive to sample matrix effects. Statistical outlier detection methods will also be applied in the data analysis to develop diagnostic techniques for application to data in the field, allowing quality control of reported heavy metal quantities.
The project is broken down by task as follows:
. Task 
ACCOMPLISHMENTS
Work during this reporting period completed Tasks 1 and 3. In addition, EERC personnel assisted SEA in a field demonstration of the LIB S-CPT instrument at Sandia National Laboratory. Task 2 will be completed and documented during the next reporting period.
Calibration of a Portable LIBS Instrument
Laboratory work on LEN calibration and testing included work on a portable LIBS instrument in addition to that carried out on the LIBS-CPT equipment. SEA has loaned equipment to the EERC consisting of an Nd-YAG laser, spectrograph, diode array detector, and optical components. Prior work done by SEA has integrated the components on loan to the EERC into a portable system with a prototype LJJ3S probe for use in surface measurements in the field. SEA has labeled the portable LIBS system the SparkID. Work done at the EERC on the SparklD system has resulted in an improved design for the LIBS probe. In addition, extensive work has been done with the SparkID to evaluate calibration techniques for measurement of metals in soils. Therefore, work done in Tasks 1 through 3 was carried out in parallel on the LIBS-CI?T and SparkID instruments. SEA personnel carried out LI13S data collection work with the LIBS-CPT, while EERC personnel collected similar data using the SparkID. Details of the calibration work done with the SparkID instrument are described in the sections documenting work under Tasks 1, 2, and 3.
LIBS-CPT Field Demonstration at Sandia National Laboratory
EERC personnel worked with SEA and Sandia personnel over the week of July 13, 1998, on a field demonstration of the LIBS-CPT system at the Area 111 Chemical Waste Landfill at Sandia National Laboratory. The application of the LIB S-CPT unit was to perform a subsurface survey for chromium contamination in the soil. Several personnel involved in environmental restoration (ER) activities at DOE facilities witnessed the field demonstration. ER personnel present at the test included Jim Phelan and Bob Helgeson of Sandia National Laboratory, John April of Bechtel Hanford, and Jim Studer of Duke Energy, a contractor working at Sandia. In addition, the FETC project manager for the LIB S-CPT project, Karen Cohen, was present.
The LIBS-CPT instrument was applied in an area of the landfill that was previously sampled by taking core sections from a borehole and subjecting the samples to laboratory analysis by GFAAS and/or ICP. Data supplied by Sandia National Laboratory personnel which were collected by conventional means indicate that the total chromium concentration varies over a range of approximately 50 to 2500 ppm (by weight) at 10-to 20-feet depths. Additionally, data from the previous conventional measurements show that the iron concentration over the 10-to 20-foot depth ranges from 10 to 20 ppm. The LIBS-CPT probe was pushed into the ground and spectra coilected & the probe was w;hdrawn from the subsurface. Typically, the LIl%LCPT probe collected a spectrum approximately every 0.1".
Overall, the field demonstration was a success. The LIBS-CPT instrument was able to detect and estimate quantities of chromium in the subsurface at the Sandia landfill site. Figure 1, . compares a LIBS spectrum of subsurface soil taken in situ to a surface soil sample measured ex situ at the Sandia landfill site.
In order to compare the amount of chromium in the subsurface soil to that in the surface soil, the intensity (Y-axis) values of the surface soil spectrum in Figure 1 were scaled. Spectrum intensity scaling was done to make the iron peaks (428.25, 430.73,432.53, and 438.36 nm) in the surface soil spectrum equal to those in the subsurface soil spectrum. Of course this assumes that the iron concentration is constant in the two samples depicted in Figure 1 . As mentioned above, conventional sampling and anal ysis of core samples taken from a borehole near the LIB S-CFT sampling point indicate that the iron concentration varies only about 10 ppm. Therefore, the assumption of constant iron concentration is justified for practical purposes. The level of chromium in the soil at a depth of 8 feet is quite a bit higher than the level at the surface. This is indicated by the increased intensity of the emissions measured in the Cr peaks (425.45, 427.49, 433.91,434.42,435.3, and 437.11 nm) by the LIBS-CPT probe as shown in Figure 1 .
The LIBS-CPT probe was calibrated using procedures described in the sections documenting work done under Tasks 1,2, and 3 below. Figure 2 shows a plot of Cr concentration versus depth developed from LIB S-CFT data using an improved calibration technique developed at the EERC.
A total of 955 spectra were taken over the interval of 6 to 8 feet to make up the plot of Figure 2 . The gaps in the data result from spectra that were excluded from the analysis on the basis of a new spectrum quality test developed at the EERC. The spectrum quality testis a data selection method that will qualify new data prior to estimation of analyte quantities (Cr in this case). . .
. 
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Task 1-Laboratory Calibration of the LIBS Instrument
Laboratory calibration work focused on chromium and lead in soil. Calibrations for both the LIBS and the Ll13S/SparkID instruments were developed.
LIBS-CPT Calibration for Chromium in Sandiu Soil -Conventional Approach
Calibration was accomplished by collecting LIBS instrument response data for samples of Sandia soil spiked with chromium. Spiked soil samples were prepared from Sandia surface soil using procedures developed and documented in a previous report (1 8-20) . Chromium concentration in each of the soil samples to be used for calibration was verified by conventional analysis techniques as applied previousl y in this work (18) (19) (20) . Table 1 lists the amount of Cr added to the baseline soil for each of the calibration samples along with the actual concentration. LIBS data on each of the calibration samples listed in Table 1 were collected consisting of 250 spectra where each is the emission resulting from a single laser spark. Computing an average spectrum for each of the spiked soil samples from the 250 single-spark spectra developed the LIBS instrument calibration for Cr. Figure 3 shows an average LIBS spectrum for one of the Cr calibration samples.
Calibration information was extracted from the spiked soil sample set by integrating the peak area of two of the Cr peaks (425.45 and 427.49 rim), and as a reference, the area of an Fe peak (438.36 nm) was integrated. The calibration derived from the sample set provided an extremely nonlinear relationship between instrument response and Cr concentration as depicted in Figure 4 . Further attempts to extract instrument response data such as using peak height or ratios of Fe to Cr peak areas (or heights) gave similar relationships to actual Cr concentration as shown in Figure 4 . 
LIBS-CPT Calibration for Chromium in Sandia Soil -Improved Approach
An improvement in the calibration for the LIBS-CPT instrument was accomplished by application of work done in Task 3 on multivariate calibration techniques. For the application of the LIBS-CPT to measurement of Cr in soil, a full-spectrum calibration model was developed using the Sandia soil calibration set listed in Table 1 . The calibration model was developed using partial least squares (PLS) regression techniques. Improved LIBS calibration techniques based on PLS regression use the entire measured spectrum (700 to 1000 wavelength data points) for each sample to predict analyte concentration. Conventional LIBS calibration techniques rel y on a single analyte peak (typically 15 to 25 wavelength data points) to predict the concentration in samples. Figure 5 shows a LIBS calibration model for Cr in Sandia soil using PLS regression. Comparison of the conventional (Figure 4 ) versus the PLS approach ( Figure 5 ) to calibration shows a significant improvement in the ability of the LIB S-CPT to estimate the quantity of Cr in Sandia soil over a wide range of concentration (15 to 4500 ppm).
SparkID Calibration for Chromium in Sandia Soil -Conventional Approach
A calibration was developed for the SparkID (portable LIBS instrument) by collecting LIBS instrument response data for the same samples of Sandia soil spiked with chromium used in the LIB S-CPT calibration study. Table 1 lists the amount of Cr added to the baseline soil for each of the calibration samples along with the actual concentration. LIBS data on each of the calibration samples listed in Table 1 were collected consisting of 25 spectra where each is the , Calibration information was extracted from the spiked soil sample set by integrating the peak area of two of the Cr peaks (425.45 and 427.49 rim), and as a reference, the area of an Fe peak (432.53 nm) was integrated. The calibration derived from the sample gave a relationship between instrument response and Cr concentration as depicted in Figure 7 . Further attempts to extract instrument response data such as using peak height or ratios of Fe to Cr peak areas (or heights) gave similar relationships to actual Cr concentration as shown in Figure 7 . As with the LIBS-CPT calibration, the relationship of instrument response to actual Cr concentration in the soil is not linear.
LIBS-SparkID Calibration for Chromium in Sandia Soil -Improved Approach
An improvement in the calibration for the LIBS-SparkID instrument was accomplished by application of work done in Task 3 on multivariate calibration techniques. For the application of the LIBS-SparkID to measurement of Cr in soil, a full-spectrum calibration model was developed using the Sandia soil calibration set listed in Table 1 . The calibration model was developed using PLS regression techniques. Improved LIBS calibration techniques based on PLS regression use the entire measured spectrum (700 to 1000 wavelength data points) for each sample to predict analyte concentration. Conventional LIE3S calibration techniques rely on a single analyte peak (typically 15 to 25 wavelength data points) to predict the concentration in samples. Figure 8 shows a LI13S calibration model for Cr in Sandia soil using PLS regression. Comparison of the conventional (Figure 7 ) versus the PLS approach (Figure 8 ) to calibration shows a significant improvement in the ability of the LIB S-SparkID to estimate the quantity of Cr in Sandia soil over a wide range of concentration (15 to 4500 ppm). 
SparkID Calibration for Lead in Soil -Conventional Approach
Calibration was accomplished by collecting LIBS-SparklD instrument response data for soil samples obtained from northern Minnesota that have a known grain-size distribution, are, for purposes of this study, free of metals contamination (Tanberg soil), and have been spiked with lead. Collection, preparation, and characterization of the Tanberg soil was described in a previous report (1 8-20) . The spiked soil samples were prepared from the baseline Tanberg soil using procedures developed and documented in a previous report (1 8-20) . Lead concentration in each of the soil samples to be used for calibration was verified by conventional analysis techniques as applied previousl y in this work (1 8-20) . Table 2 lists the amount of Pb added to the baseline soil for each of the calibration samples along with the actual concentration. LIBS data on each of the calibration samples listed in Table 2 were collected consisting of 25 spectra, where each is the emission resulting from a single laser spark. Computation of an average spectrum for each of the spiked soil samples from the 25 single-spark spectra provided the LIBS-SparkID instrument calibration data for Pb. Figure 9 shows an average LIBS-SparkID spectrum for one of the Pb calibration samples.
Calibration information was extracted from the spiked soil sample set by integrating the peak area of a Pb peak at 368.1 nm. Figure 10 shows an expanded view of the 368-rim Pb peak region for each of the calibration samples. Figure 11 illustrates the ability of peak area to predict the concentration of Pb in the soil. As can be seen in Figure 11 , the calibration does not accurately predict the Pb concentration for concentrations above 200 ppm.
LIBS-SparkIDCalibration forLeadin Soil-ImprovedApproach
As with the previous calibrations, the improved approach of using the entire spectrum to calibrate the SparkID instrument was done using PLS regression. As can be seen in Figure 11 
Task 2 -Validation of LIBS Calibration
Calibrations have been developed for the LIBS-CPT and SparkID instruments for Cr and Pb in soil. Work to confirm the accuracy of the calibrations is under way at the time of this report. Validation of the Cr calibrations developed will be done using samples obtained from the Sandia Area 111 landfill. Excavation of the Sandia Area 111 landfill is currently under way, and Sandia personnel will make subsurface samples available to the EERC for conventional laboratory and LIBS analysis. Confirmation of the Pb calibration will be done by testing the calibration using soil samples containing lead contamination that are laboratory-spiked samples and/or actual samples obtained from the field.
Task 3 -Development of Multivariate Models for Subsurface Matrix Effects on the LIBS Calibration
As described above, calibrations for two different analytes in two different soil matrices on two different instruments were developed using conventional and multivariate techniques. In all cases, improvement over conventional approaches was achieved using PLS regression techniques. The LIB S-CPT instrument was applied in a field application at Sandia National Laboratory. Data analysis techniques were developed for the LIBS--CPT unit in field applications that allow data to be validated prior to prediction of analyte quantities and to provide an indication of data quality for a prediction of analyte concentration.
Development of PLS Regression-Based Calibrations
PLS regression is a technique that has been applied in molecular spectroscopy applications (22-41). However, it has not been widely applied in atomic spectroscopy because of the limited number of wavelength channels usually measured. For example, conventional atomic spectroscopic techniques such as ICP or GFAAS typically utilize a single anal yte peak along with a baseline region to measure analyte concentration. For well-characterized sample matrices such as those encountered in the analytical laboratory, single-peak analyte prediction is more than adequate. In the case of field screening measurements for ex and in situ subsurface contamination characterization, little knowledge is obtained on the sample matrix prior to anal ysis. Therefore, application of more statistically robust methods such as PLS or principle components regression (PCR) can provide an added confidence to field screening measurements. Additionally, when applying field techniques such as LIBS, instant feedback as to the quality of the data being collected allows the proper weight to be applied to the data when using it to make decisions involving more detailed site characterization and cleanup. Field analytical instruments are typically operated by technicians who may not have the expertise to examine and interpret raw data while on-site. Conventional calibration techniques for LI13S call for expert personnel to ascertain the quality of data collected. Development of multivariate calibration techniques for LIEN allows instant feedback to the instrument operator that is easily interpreted by technicianlevel personnel on the quality of the data collected and the prediction of analyte quantities.
PLS Calibration Example -Estimation of Pb in Soil Using the LIBS-SparkID
For example, a calibration for the SparkID instrument to estimate lead concentration in soil was developed as described above by collecting spectra from spiked soil samples. The regression technique applied was PLS. PLS has many inherent advantages compared to univariate regression methods (3 1-34). All relevant variables are included in the PLS model which implies that calibration even in the case of interferences is possible. PLS also makes possible outlier detection during the prediction of new unknown samples. Outlier detection identifies samples not accounted for by the PLS model, which will not be predicted, in contrast to the case in univariate calibration, where one cannot distinguish whether a sample is of the same kind as the calibration set or not. In PLS regression, independent variables (e.g., spectra) are arranged in a rectangular matrix (X), where each row corresponds to a sample and each column to a specific wavelength. The dependent variable (e.g., concentration) is arranged in a vector (Y). The concentration vector Y has a number of elements equal to the number of rows (samples) in X. The result of the PLS algorithm is a model of X given by a (low) number of latent variables, each being characterized by a score vector and a loading vector. The scores and loadings obtained from PLS allow any spectrum in the set to be approximately reconstructed, depending on the number of latent variables included in the spectrum reconstruction.
From a mathematical perspective, the loadings can be viewed as an orthonormal basis for the multidimensional vector space that describes the set of spectra (calibration space). The scores obtained for each sample spectrum are, thus, the amount of each loading needed to reconstruct the spectrum. In order to evaluate the number of latent variables needed to provide a PLS model for the sample set which estimates analyte quantities, the prediction residual error sum of squares (PRESS) is computed. Figure 12 shows the PRESS results for the Pb in soil calibration developed for the SparkID. The number of latent variables which may best approximate the calibration space is usually taken to be where the plot of PRESS versus number of latent variables reaches a global minimum. In the case of the Pb in soil model for the SparkID system, this is at 17 latent variables. Therefore, the calibration space contains 17 loadings (or dimensions). Scores for each sample are then computed by projection of each sample onto each loading. Thus each spectrum is then estimated by a sum of the loadings weighted by their respective scores. Once a calibration space is defined, estimation of analyte quantities in new samples is achieved by projection of the sample spectrum into the calibration space. Figure 11 shows the ability of the PLS model to estimate the quantity of Pb in soil using measurements from the LI13S-SparklD instrument. Figure 13 shows the first two loadings plotted against wavelength. The first latent variable may be interpreted as accounting for variations in the overall intensity of the emission spectrum. The second latent variable is accounting for most of the spectral variations from the amount of Pb in the soil sample being measured as evidenced by the two features corresponding to the Pb line emissions (see Figure 13 ).
FUTURE WORK
Continued work in this project will involve completion of Task 2 and development of improved calibration methods for application of LIBS in field screening applications. samples.
